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Naturally occurring defective interfering RNAs have been found in 4 of 14 coronavirus species. They 
range in size from 2.2 kb to approximately 25 kb, or 80% of the 30-kb parent virus genome. The large Dl 
RNAs do not in all cases appear to require helper virus for intracellular replication and it has been 
postulated that they may on their own function as agents of disease. Coronavirus Dl RNAs appear to 
arise by internal deletions (through nonhomologous recombination events) on the virus genome or on 
Dl RNAs of larger size by a polymerase strand-switching (copy-choice) mechanism. In addition to their 
use in the study of virus RNA replication and virus assembly, coronavirus Dl RNAs are being used in a 
major way to study the mechanism of a high-frequency, site-specific RNA recombination event that 
leads to leader acquisition during virus replication (i.e., the leader fusion event that occurs during 
synthesis of subgenomic mRNAs, and the leader-switching event that can occur during Dl RNA 
replication), a distinguishing feature of coronaviruses (and arteriviruses). Coronavirus Dl RNAs are 
also being engineered as vehicles for the generation of targeted recombinants of the parent virus 

genome. © 1997 Academic Press 
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DISCUSSION 

Recombination and the Origin of Coronavirus 
Dl RNAs 

Naturally occurring Dl RNAs have been reported 
for the mouse hepatitis virus (MHV) (1-3), bovine 
coronavirus (BCV) (4), porcine transmissible gastroen¬ 
teritis virus (TGEV) (5), and avian infectious bronchitis 
virus (IBV) (6). They range in size from 2.2 kb to 
approximately 25 kb, or close to the full length of the 
parental virus genome of nearly 30 kb. A survey of Dl 
RNA structures indicates they are in all but one case a 
mosaic of linear segments of the virus genome and 
contain the genomic 5' and 3' termini (Fig. 1). In the 
large (—24 kb) Dl ssA RNA of MHV (7) a rearrange¬ 
ment of sequence was found in which much of the 
leader, encoded by the virus genome 5' terminus, was 
also found internally on the Dl RNA genome. Similarly 


rearranged sequences (i.e., nonlinear with the parental 
virus genome) have been found in the genomes of 
virus recombinants (10,11). In the absence of evidence 
supporting a splicing process in coronavirus RNA 
synthesis (12-14), the most likely mechanism for the 
origin of Dl RNA, the one presumed in this review, 
appears to be template strand switching by the RNA 
polymerase from a donor template to an acceptor 
template of the same polarity during replication of a 
virus genome or of a previously formed Dl RNA (15). It 
is unclear whether this happens during plus-strand or 
minus-strand synthesis. From the classification of copy- 
choice recombination patterns described by Lai (16), it 
will be recognized that the generation of Dl RNA 
molecules must, in general, happen by nonhomolo¬ 
gous recombination. That is, the switch between tem¬ 
plates would take place between nonhomologous re¬ 
gions of the genome that demonstrate little or no 
sequence similarity. Although the general pattern in 
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FIG. 1. Structures of the naturally occurring defective interfering RNAs identified in coronavirus-infected cells. Sequences found in DI RNAs 
are aligned with their place of origin on the parent virus genome (vgRNA). Boxes identify genes. The 5' and 3' untranslated regions are 
identified as narrow lines. The leader is identified by a box with heavy crosshatches. Regions not confirmed by sequencing are boxed by a 
dashed line. A synthetic DI RNA replicon for MHV-A59, B36 (9), patterned after the naturally occurring BCV DI RNA (4), is marked by a dagger. 
Asterisks identify recombination sites that occur within 27 nt of the UCUAAAC consensus intergenic sequence motif. 
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coronavirus DI RNA formation would suggest nonho- 
mologous recombination, at some sites, short regions 
of sequence similarity may have directed polymerase 
reentry (for example, at intergenic consensus hepta- 
meric sequence motifs discussed below in the context 
of leader acquisition). Thus, in the microenvironment 
of the recombination site a short region of sequence 
identity might play a role in the mechanism of strand 
switching. 


Biological Significance of Coronavirus Dl RNAs 

Many of the coronavirus DI RNAs appear to have 
the same attributes ascribed to DI RNAs of other RNA 
viruses (17-19), namely, the ability to competitively 
inhibit parental virus genome replication and to show 
a numerical abundance inversely related to that of the 
helper virus genome. Many (20-23), but not all (24,25), 
have a requirement, or at least a preference, for 
translation in cis for replication. Those that become 
packaged (3-8,26) also have the ability to be carried 
from cell to cell during virus infection and to possibly 
contribute to long-term virus persistence by attenuat¬ 
ing cell damage caused by the helper virus. 

An unusual property of some large coronavirus DI 
RNAs appears to be their ability to replicate without 
the aid of helper virus. At least one (7) and possibly 
more (27) large DI RNAs of MHV appear to be 
competent for independent replication, although this 
remains to be rigorously demonstrated by transfection 
with an isolated (or synthetic) DI RNA genome. Such a 
defective genome would necessarily retain the cis- 
acting elements for RNA replication and an active 
polymerase but may lack the function of one or more 
structural proteins needed for virus assembly. These 
molecules would, therefore, behave as RNA plasmids 
(replicons) and have the capacity to replicate con¬ 
tinuously in infected cells and to express proteins 
that might contribute to a disease process. The persis¬ 
tence of replicating coronaviral RNA without infec¬ 
tious particle production in the encephalitic mouse 
brain (27) might be an example of this phenomenon. A 
report demonstrating persistence of MHV proteins 
and RNA in cell culture in the absence of infectious 
particle production (28) might be another example. 
Due to the high frequency of coronavirus recombina¬ 
tion (29), large autoreplicating DI RNAs with patho¬ 
genic properties might be a common sequel of acute 
coronavirus infections and should be more generally 
looked for. 


The Use of Coronavirus Dl RNAs to Study the 
Mechanism(s) of Recombination in Coronavirus 
RNA: Coronavirus Leader Acquisition (during 
Either Leader Fusion or Leader Switching) Can Be 
Viewed as an Unusual Case of High-Frequency, 
Site-Specific RNA Recombination 

Coronaviruses (12-30) and related arteriviruses (31), 
appear to stand alone among plus-strand RNA viruses 
in their possession of a leader sequence, encoded only 
at the genomic 5' terminus, that becomes the 5' 
terminus of each subgenomic mRNA. The presence of 
a 7-nt consensus sequence motif at the 3' end of the 
genomic leader (UCUAAAC for MHV and BCV, ACU- 
AAAC for TGEV, and CUUAACA for IBV) and at 
intergenic regions on the virus genome has suggested 
a sequence-directed leader fusion event during RNA 
synthesis (12-14, 30). UV inactivation of transcription 
in MHV (32, 33) has demonstrated that subgenomic 
mRNA transcripts do not arise from precursors of 
genome size, indicating that there is probably no 
intramolecular splicing (i.e., cutting and rejoining) of 
genome-length precursor molecules. The leader fusion 
event during subgenomic mRNA synthesis, therefore, 
in the absence of any demonstrated splicing, must be 
viewed as one that happens as the result of a discontinu¬ 
ous RNA-synthesizing mechanism (34, 35). A similar 
(and perhaps in many ways identical) leader fusion 
event happens during a high-frequency leader-switch¬ 
ing process on the 5' terminus of transfected DI RNA 
templates (36, 37). Both processes of leader fusion, 
therefore, must be viewed as one of RNA recombina¬ 
tion since they involve, by necessity, donor and accep¬ 
tor templates. The leader fusion event would likewise 
necessarily be one of extremely high frequency and site 
specificity were it to happen during the synthesis of 
each and every new mRNA molecule or, alternatively, 
during the synthesis of every new mRNA template 
(depending on the mechanism of coronavirus transcrip¬ 
tion). This event is not to be confused (except possibly 
in a mechanistic sense) with what is described as 
high-frequency homologous recombination between 
coronavirus genomes (16, 29). The latter has an inci¬ 
dence of 25% throughout the genome per virus genera¬ 
tion time (16) and may occur more or less randomly 
throughout the genome (38). Phenomenologically, the 
high-frequency, site-specific recombination event asso¬ 
ciated with leader acquisition bears some resemblance 
to the mandatory strand-switching steps carried out 
by reverse transcriptase in the early steps of retrovirus 
replication (39). 
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Two developments with coronavirus DI RNAs have 
established manipulable systems with which the mech¬ 
anism of leader recombination might be examined. 
First, it has been learned that the UCUAAAC promoter 
sequence, or its variants with differing lengths of 
flanking sequence, could be placed within the 5' UTR 
(40) the ORF (41-45), or within the 3' UTR (46) of the 
DI RNA and direct synthesis of subgenomic DI RNA 
transcripts. Second, it has been observed that the 
leader on DI RNA replicons is rapidly replaced by the 
leader of the helper virus after transfection into helper 
virus-infected cells (4,36,37). 

Two major models have been put forward to explain 
the high-frequency, site-specific RNA recombination 
process that accompanies leader acquisition, both of 
which are being approached through the study of DI 
RNAs. One postulates a polymerase strand switching 
during plus-strand RNA synthesis (i.e., during synthe¬ 
sis of subgenomic mRNAs (34, 35, 47), virus genome 
(48), or DI RNAs (37), and the other during minus- 
strand synthesis (i.e., during synthesis of templates for 
mRNAs (49) or DI RNAs (4,36). These are summarized 
in Fig. 2. 


The Model of Leader Acquisition during 
Plus-Strand Synthesis 

The original postulate (34, 35) to mechanistically 
explain leader acquisition held that the plus-strand 
leader functions as a primer for synthesis of the 
subgenomic mRNA molecule during transcription from 
a genome-length minus-strand template (Fig. 2A1). In 
this scheme, leader sequences are made, probably in 
excess, and are, by a process of discontinuous, nonproc- 
essive synthesis, translocated (possibly in a complex 
with the polymerase) to distant sites on the minus- 
strand template. It was postulated that the priming 
was directed by base-pairing between the UCUAAAC 
element within the free leader and complementary 
promoter sequences on the minus-strand template 
(58), or by protein-RNA (40, 46) or protein-protein 
interactions between proteins that recognize these 
elements (45, 59). Since leader-containing transcripts 
that might function as free leaders are longer than the 
leader itself (i.e., >80 nt) (34) and crossover sites map 
within or even upstream of the UCUAAAC promoter, 
the action of a 3' —> 5' exonuclease was postulated for 
the trimming of the primer before continuation of RNA 
synthesis (46, 51). A most intriguing discovery regard¬ 
ing leader fusion was that despite the general overall 
high degree of site specificity observed during leader 


recombination, at times, and at specific junctions, 
widely variant leader-mRNA junction sequences could 
be found (40, 50). These included junctions with either 
fewer or more UCUAA elements than are found in the 
5' genomic leader. This phenomenon was interpreted 
by the leader priming model to mean that the multiple 
UCUAA-containing elements within the MHV leader 
(i.e., the UCUAA (5-nt) promoter-like sequences just 
upstream of the leader UCUAAAC (7-nt) element and 
the UUUAUAAAC (9-nt) leader-flanking element just 
downstream) could provide optional leader priming 
sites for transcription initiation (Figs. 3A, 3B) (52). 
Optional priming sites, however, cannot explain all of 
the variations observed at leader-mRNA junctions. 
For example, in MHV it was noted that when the 
UUUAUAAAC 9-nt leader-flanking element was miss¬ 
ing from a natural virus mutant, sequences of un¬ 
known origin would also be placed at the leader- 
mRNA junction (40). Furthermore, no variation has 
been found in transcripts from the MHV mRNA3 
promoter, which contains only a single UCUAA ele¬ 
ment despite the existence of multiple UCUAA motifs 
in the leader (46). In BCV, where only a single UCUAA 
element exists in both the genomic leader and at each 
intergenic site, no variant junction sequences have 
been found, which is consistent with the idea that the 
multiple UCUAA motifs in MHV contribute to vari¬ 
able leader-mRNA junction structures (60). With the 
demonstration that transcripts of cloned DI RNA can 
undergo replication in helper virus-infected cells, it 
was observed that transfected DI RNA possessing one 
type of leader sequence rapidly lost this leader and 
acquired (within one cycle of virus replication) the 
leader of the helper virus (37). This phenomenon was 
described as leader switching (37). As with the variant 
patterns of leader-mRNA junction sequences, and 
leader-genome junction sequences, variant patterns of 
leader-DI RNA junctions suggested alternative leader 
priming locations on the promoter sequence. From this 
observation it was postulated that perhaps replication 
of DI RNA (and by extension, possibly genomic RNA) 
was a leader-primed transcription event (Fig. 2A2) 
(52). 

The leader-priming model, therefore, whether it be 
applied to leader fusion during subgenomic mRNA 
synthesis or to leader switching, describes a recombina¬ 
tion event that requires a free leader, long-distance 
polymerase jumping (assuming the leader remains 
attached to the polymerase), and a 3' — 5' exonuclease 
activity to trim the excess leader sequence before 
resumption of RNA synthesis. 
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1. Leader acquisition (fusion) during plus-strand 
mRNA synthesis (i.e., leader-primed transcription). 


2. Leader switching during Dl RNA pius-strand 
synthesis (i.e., leader-primed replication). 
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FIG. 2. Polymerase strand-switching models for the high-frequency, site-specific leader recombination events accompanying coronavirus 
leader acquisition. (A) Model for leader acquisition during plus-strand RNA synthesis (i.e., the leader-priming model). (A,l) The model for 
leader-primed transcription postulates that leader, synthesized from the 3' end of genome minus-strand RNA, becomes translocated to the 
intergenic priming site (AGAUUUG) on virus genome minus strand to prime transcription (29, 34, 35). By this model, any of the UCUAA 
sequence motifs within the MHV free leader can serve as alternate alignment sequences (35,50), and extra 3'-terminal sequences on the annealed 
leader are trimmed by a 3' —> 5' exonuclease to a region within the UCUAAAC intergenic sequence motif (45, 51). (A,2). Model for leader 
switching during Dl RNA plus-strand RNA synthesis (i.e., leader-primed replication). This model is nearly identical to that in A,1 except that the 
nascent leader synthesized must translocate to another template for priming of transcription in trails (37), and the UAUAAAC sequence, which 
is part of a UUUAUAAAC 9-nt motif, can serve as a donor site on the free leader (52). A potential crossover region can be inferred from these 
data. (B) Models for leader acquisition during minus-strand RNA synthesis. (B,l) Model for leader acquisition during mRNA minus-strand 
synthesis. This model postulates that polymerase is attenuated at the UCUAAAC sequence during synthesis of the subgenomic minus-strand 
RNA template and switches to a plus-strand leader template to complete synthesis of the subgenomic minus-strand RNA template (49, 53). In 
theory, the plus-strand leader template could be supplied by the genome 5' terminus (this would be necessary if this were the only plus-strand 
molecule present at the time of initial infection, say with a single infectious genome) (49,53) or by another mRNA molecule (36,43). The mRNA 
minus strand would then be a template for mRNA amplification (49, 54—57) (B,2). Model for leader switching during minus-strand Dl RNA 
synthesis. This model is nearly identical to that in B,1 except that the polymerase strand switching occurs near the UCUAAAC intergenic motif 
at the 5' end of the genome (36). For BCV, a potential crossover region has been identified (36) (see Fig. 3). The UCUAAAC sequence on the 
template is not required for the leader switching to occur (36). The model in B does not require the use of a 3' —► 5' exonuclease activity for 
trimming or for a nonprocessive property of the RNA-dependent RNA polymerase. 
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FIG. 3. RNA structures surrounding the crossover regions for leader switching. (A) A portion of the 5' untranslated regions of BCV, MHV-A59, 
MHV-JHM, TGEV, and IBV DI RNAs are shown aligned by the heptameric intergenic sequence motif. The intergenic motifs are boxed with a 
solid line. The additional UCUAA elements in MHV are underlined. The AU-rich palindromic sequences are shaded. The regions within which 
high-frequency crossover is observed during leader switching for BCV (36) and MHV are boxed with a dashed line. High-frequency leader 
switching has not yet been described for TGEV and IBV DI RNAs. (B) Proposed alternate alignments in the leader priming model that would 
give rise to variant MHV DI RNA leader junctions (52). (C) Stem-loop structures near the leader crossover region in BCV DI RNA (36). Note that 
the UCUAAAC intergenic sequence element is in the loop of a stem-loop (boxed with a solid line). The crossover window is boxed with a dashed 
line. 


The Model of Leader Acquisition during 
Minus-Strand Synthesis 

An alternative hypothesis for explaining leader ac¬ 
quisition during mRNA synthesis states that the high- 
frequency site-specific recombination event occurs dur¬ 
ing minus-strand synthesis of subgenomic mRNA 
templates (Fig. 2B1) (49, 53). This model arose from 
data showing the existence of mRNA-length minus- 


strands RNAs (54, 57) that possess a complement of 
the leader sequence (56) and that are active in subge¬ 
nomic mRNA synthesis (49, 55). It follows that the 
UCUAAAC intergenic elements serve as attenuators 
of polymerase synthesis during minus-strand synthe¬ 
sis and promote polymerase strand switching to copy 
a leader supplied in cis by the 5' end of the genome 
(53), or possibly in trans by another mRNA (36, 43), to 
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generate a leader template for synthesis of subgenomic 
mRNAs. A component of this model is that RNA 
synthesis during polymerase strand switching need 
not necessarily be dispersive (nonprocessive), i.e., the 
polymerase could attach to the second template with¬ 
out necessarily detaching from the first (a mechanism 
described in reference 61). It might also be that strand 
switching could occur at various sites within the 
intergenic sequence motif, thereby explaining why all 
mutations within the intergenic sequence are not 
retained in subgenomic mRNAs (42, 46). The second 
model, therefore, in contrast to the first, does not 
require that there be a free leader (and thus a mecha¬ 
nism to discriminate between free leader synthesis and 
genomic RNA synthesis), long-distance polymerase 
jumping (i.e., nonprocessive synthesis), or a 3' —* 5' 
exonuclease processing of the leader during the cross¬ 
over event. 

This model, with some variation, can also explain 
leader switching between the 5' terminus of DI RNA 
and helper virus genome (Fig. 2B2) (36). In a recent 
series of experiments to examine the role of the 
UCUAAAC element in leader switching, mutations in 
and around the leader and its flanking sequences were 
made on the BCV DI RNA, including deletion of the 
UCUAAAC element, and tested for leader switching 
(36). Leader switching was not deterred when the 
UCUAAAC element was missing, suggesting that 
other elements were directing the sequence align¬ 
ments. Crossover sites were found largely down¬ 
stream of the UCUAAAC element and a potential 
crossover window was mapped (Figs. 3A and 3C) (36). 

It has also been suggested that the leader-priming 
model and the strand-switching during minus-strand 
synthesis model need not be mutually exclusive (14). It 
could be, for example, that a free leader would prime 
plus-strand synthesis from a minus-strand template 
whose synthesis had been truncated after passing 
through the intergenic sequence (see model B, p. 18 in 
reference 14). 

The contrasting models help to raise focused ques¬ 
tions on the mechanism of this site-specific recombina¬ 
tion event, (i) To what extent can free leader molecules 
be found in cells infected with coronaviruses other 
than MHV? How can it be explained, for example, that 
apparent free leader species are found in MHV (34) but 
not in BCV-infected (36) cells? If free leaders do exist 
for other coronaviruses, what are the common features 
among them? Are they complexed with other mol¬ 
ecules and what directs them to template priming 
sites? (ii) Precisely, what are the RNA structural fea¬ 


tures at leader recombination sites that direct the site 
specificity? Using DI RNAs with experimentally ar¬ 
ranged intergenic sequence motifs, the roles of both 
RNA secondary structure and intergenic element posi¬ 
tioning within the DI RNA have been examined as 
influences on site specificity and frequency of the 
fusion event (41-45, 62, 63). Other than the demonstra¬ 
tion in MHV that the UCUAAAC is the minimal 
element required to direct leader fusion (42, 44), no 
consensus on what structural features are required for 
site specificity or for frequency of use has emerged. 
Based on recent analyses showing the importance of 
RNA stem-loops in directing site-specific RNA recom¬ 
bination in turnip crinkle virus (64) and tomato bush 
stunt virus (65), might it be that 2° structures are 
important in coronavirus leader recombination? An 
analysis of leader switching in BCV DI RNA (36) 
shows the crossover window to be along a stem and 
near the base of a stem-loop structure (Fig. 3C). Other 
structural features may also be important, however, 
including the relatively AU-rich region occurring just 
downstream of the crossover sites. AU-rich regions 
have been shown to influence the accuracy of cross¬ 
over sites in brome mosaic virus recombination (66, 
67). In BCV and MHV, the AU-rich region includes the 
UUUAUAA A palindrome (as ds RNA), or in TGEV the 
AAAUAUUU sequence. This motif does not occur in 
IBV, however. Furthermore, the UUUAUAAA-contain- 
ing UUUAUAAAC 9-nt motif occurring just down¬ 
stream of the MHV leader (Fig. 3A) has been shown to 
exert a powerful influence on the process of leader 
switching (37) and on the formation of the leader 
fusion sites in cis or in trems in MHV (68). This element 
is often missing in replicating MHV DI RNAs (37), but 
in BCV, the UUUAUAAA palindromic portion of this 
sequence is absolutely required for DI RNA replication 
(36). How is it that the UUUAUAAA palindromic 
sequence is required for replication of BCV DI RNA 
but not MHV DI RNA? In this regard, do TGEV and 
IBV exhibit leader switching? If so, is it dependent on 
the palindromic or other AU-rich regions? Are the 
variant leader-mRNA sequences for MHV, but not 
found in BCV, related solely to the leader content of 
multiple UCUAA elements in the MHV genome? (iii) 
To what extent can transfected molecules be made to 
recombine precisely at leader fusion sites? A powerful 
tool in the study of leader acquisition has been the 
demonstration that transfected leader-containing oligo¬ 
nucleotides can be shown to act in trans during RNA 
synthesis (51, 69). Can this be shown as well for DI 
RNAs? What structural features on the oligonucleo¬ 
tides direct this process? To what extent do these 
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molecules become associated with viral and cellular 
proteins or enter the replication complex? 

Is the Recombination Mechanism That Is Used for 
Leader Acquisition Mechanistically Related to Dl 
RNA Formation? 

It has been suggested previously that the high 
frequency of coronavirus recombination (both homolo¬ 
gous and aberrant homologous recombination giving 
rise to recombinant coronaviruses and nonhomolo- 
gous recombination giving rise to DI RNA formation) 
might reflect the mechanism of discontinuous transcrip¬ 
tion used by coronaviruses in the generation of leader- 
containing subgenomic mRNA species (i.e., perhaps 
the polymerase has the "promiscuous" properties of 
easily switching template strands during a copy- 
choice synthesis) (12, 16, 35). An examination of the 
coronavirus DI RNAs depicted in Fig. 1 would suggest 
that testing this idea would be difficult at this time 
since formation of DI RNAs shows no predictable 
pattern and there is little evidence that intergenic 
crossover sites are used frequently in the formation of 
DI RNAs. Of the 38 crossover sites observed (Fig. 1), 
only 4 occur very near (within 27 nt) intergenic 
consensus sequence sites, and curiously, of these, the 
most 3' terminal fusion site in TGEV DI RNA B (5) and 
MHV DIssA (7) shows a high degree of sequence 
hypervariability with respect to base deletions (5) and 
sequence rearrangements (7). Therefore, except for 
leader fusion, site specificity in DI RNA recombination 
cannot be experimentally induced, making elucidation 
of mechanisms of DI RNA formation difficult. Perhaps 
recent technical developments such as the ability to 
generate DI RNA replicons from defined in vitro- 
synthesized minus-strand RNA molecules (70) will 
allow for a more sophisticated analysis of DI RNA 
formation. 

Use of DI RNAs to Produce Targeted Coronavirus 
Genome Recombinants 

In addition to the demonstration that transfected 
nonreplicating sequences containing the coronavirus 
leader (51, 69) (or antileader (69)) can be the donor 
source for a recombinant viral genome or DI RNA 
within the 5' untranslated region, it has been shown 
that a transfected, synthetic nonreplicating mRNA can 
be the donor source for intragenic recombination 
within the virus genome (71). This was demonstrated 
for the N (the most 3') gene of MHV, in which an 87-nt 


deletion in the N gene causing a temperature-sensitive 
phenotype in the helper virus (Alb4) was repaired 
upon transfection with a wild-type mRNA (71). Recom¬ 
binant progeny viruses were selected at a frequency of 
approximately 10 A Two groups have subsequently 
demonstrated that the rate of intragenic (N gene) 
recombination with virus genome can be increased by 
two orders of magnitude when the donor molecule for 
recombination was in the genome of a replicating DI 
RNA (9, 72, 73). These experiments suggest that the 
recombination process could be linked to RNA synthe¬ 
sis and support the notion for a copy-choice mecha¬ 
nism of coronavirus RNA recombination. 

Still more recent experiments have demonstrated 
that interspecies chimeric N genes (74) and intraspe¬ 
cies S genes (75) can be produced by targeted recombi¬ 
nation when an engineered DI RNA replicon carries 
the donor sequence. This establishes the feasibility for 
site-specific mutagenesis of the coronavirus genome 
and for preparing chimeric coronavirus genomes with 
foreign genes despite an inability at the present time to 
construct full-length cDNA clones of the coronavirus 
genome. In principle, foreign gene sequences could be 
targeted to any given region of the genome as long as 
the appropriate flanking sequences are used. 


Long-Range Questions Concerning Coronavirus 
DI RNAs and Recombination 

What is the evolutionary pressure for development 
and retention of the leader recombination mechanism 
in coronaviruses? Might it be that the leader provides a 
translational advantage for viral mRNAs (76) and 
hence a pressure for selection? In this regard, how do 
the toroviruses, a second genus in the coronavirus 
family, function without a leader if, in fact, they have 
none? How might DI RNAs of toroviruses (77) and 
arteriviruses be used to facilitate examination of this 
question? How might the newly described infectious 
transcripts of the cloned 12-kb genome of arterivirus 
be used for elucidating the mechanism of leader 
acquisition (78)? How might new methods of generat¬ 
ing defined coronavirus DI RNA particles (79) be used 
for the analysis of recombination mechanisms and for 
the generation of new virus recombinants? 

CONCLUSIONS 

In lieu of a full-length coronavirus cDNA clone 
capable of generating infectious transcripts, coronavi- 
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rus DI RNAs are being used to study the mechanisms 
of recombination in this virus family. Much of the work 
with DI RNAs thus far has focused on the intriguing 
phenomenon of extremely high-frequency, site-specific 
leader recombination (i.e., leader fusion or leader 
switching) that accompanies coronavirus RNA synthe¬ 
sis for which there is no consensus on mechanism. DI 
RNAs are also being used as vectors to generate 
recombinant virus genomes by targeted homologous 
RNA recombination and to study the mechanism of 
these events. It remains to be determined what mecha¬ 
nistic features are shared between the processes of 
leader acquisition and the formation of virus recombi¬ 
nants and DI RNAs. 
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